We observed parametric-generation efficiency of 1.61% from 1064 to 1071 nm and at 162 m in a 0.5 mm thick, 45 mm long z-cut congruent lithium niobate waveguide with a pump energy of 2.2 mJ and a pump pulse width of 5.8 ns. We also measured an ultralow-threshold intensity of 70 MW/ cm 2 for a 1064 nm pumped parametric oscillator resonating at 1071 nm and emitting at 162 m with a 1 mm thick, 45 mm long lithium niobate waveguide. © 2005 Optical Society of America OCIS codes: 190.2620, 190.4410. There are a number of ways to generate coherent terahertz (THz) radiation. For example, a free electron laser is useful for generating widely tunable and high-power THz radiation. 1 However, the relatively large size and high cost of the free electron laser have restricted its use inside a national-scale laboratory. An emerging compact coherent THz source employs quantum cascade lasers under cryogenic cooling.
There are a number of ways to generate coherent terahertz (THz) radiation. For example, a free electron laser is useful for generating widely tunable and high-power THz radiation. 1 However, the relatively large size and high cost of the free electron laser have restricted its use inside a national-scale laboratory. An emerging compact coherent THz source employs quantum cascade lasers under cryogenic cooling. 2 At room temperature THz-wave polariton scattering from lithium niobate ͑LiNbO 3 ͒ crystals pioneered by Piestrup et al. 3 has been greatly improved by Ito's group 4 in the past decade. Since a LiNbO 3 crystal has a transverse optical phonon mode that is Raman active and infrared absorptive, the THz parametric gain in LiNbO 3 originates mostly from the cooperative coupling between the electronic and the ionic nonlinearity. To date, all THz nonlinear frequency mixing processes in LiNbO 3 have adopted a noncollinear phase-matching configuration in bulk crystals, in which a near-infrared pump laser is polarized along the crystallographic z direction and THz radiation is generated at a ϳ65°angle from the pump laser. 5 Waveguide confinement of mixing waves is known to enhance the efficiency in a nonlinear frequency mixing process. By taking the advantage of THz mode confinement in a LiNbO 3 slab waveguide, we report in this Letter efficient THz-wave parametric generation (TPG) and oscillation (TPO) with a relatively low pump intensity at 1064 nm.
For what follows we call the short-wavelength output photon of the optical parametric process the signal output, 6 and the far-infrared output photon the THz-wave output. Figure 1 shows the schematic of our TPG and TPO experiments. The pump source is an actively Q-switched Nd:YAG laser, producing laser pulses at 1064 nm with a 5.8 ns pulse width. The pump laser was first attenuated by a polarizer following a half-wave plate and focused into a LiNbO 3 nonlinear waveguide. The two off-axis flat reflectors, having 99.5% reflectance at 1071 nm, form a singly resonant THz-wave parametric oscillator. Without the two reflectors, the 1064 nm pumped LiNbO 3 waveguide is a THz parametric generator. The nonlinear waveguides used in the experiments were three 45 mm long, 15 mm wide double-sided polished z-cut congruent LiNbO 3 slabs with thicknesses of 0.5, 0.78, and 1 mm. All three LiNbO 3 slabs were used in our TPG experiment for studying the thickness dependence of waveguide-enhanced parametric gain. The 1 mm crystal slab was used for demonstrating high-efficiency, low-threshold TPO. Each crystal slab has a 65°-angle cut with respect to the pump beam for coupling out THz waves, as shown in Fig. 1 . The input and output faces of the LiNbO 3 wafers were coated with antireflection dielectric layers at the signal and pump wavelengths. In this noncollinear phase-matched parametric process, all three mixing waves are polarized in the z or the waveguide-gap direction to utilize the largest nonlinear coefficient d 33 in LiNbO 3 . Therefore the THz waves propagating in the LiNbO 3 waveguide are the transverse-magnetic (TM) waves.
In a slab waveguide of thickness t and refractive index n THz at the THz wavelength THz , the maximum number of THz modes supported by the waveguide is given by 7 m max =2t͑n THz 2 −1͒ / THz . For example, the maximum number of waveguide modes in Fig. 1 . Schematic of the waveguide TPO and TPG experiments. The TPO and TPG experiments were performed with and without the 1071 nm high reflectors, respectively. 0.5, 0.78, and 1 mm thick LiNbO 3 slab waveguides are 34, 52, and 67, respectively, assuming a refractive index of 5.4 at 160 m. The confinement of THz waves in such highly multimode waveguides is still apparent, because the half-diffraction angle of a THz wave at 160 m is as large as 100 mrad for a beam diameter of 300 m. Although there could be concerns regarding the generation of multiple THz-wave modes from parametric mixing in a submillimeter LiNbO 3 waveguide, it is clear that not all the waveguide modes can be excited; only those phasematched modes with mode field distributions well overlapped with the pump field can grow to some appreciable energy. If a TEM 00 pump field is aligned to the waveguide-gap center, an odd TM mode at THz wavelengths having a transverse electric field antisymmetric to the center of the waveguide gap is less likely to grow. Since the lowest-order TM 0 mode has the largest overlapping integral with a center-aligned TEM 00 pump beam, it is therefore reasonable to assume that most THz output energy is still from the fundamental TM mode in the multimode nonlinear waveguides.
Initially, we investigated the waveguide-enhanced TPG with different waveguide thicknesses. The waveguide effect is more significant when the pump beam is well overlapped with the THz waveguide mode. In the experiment we passed a collimated pump beam through a 480 m diameter aperture and transmitted 2.2 mJ of pulse pump energy into each LiNbO 3 slab waveguide. In Table 1 we show the measured output characteristics of the signal wave from 0.5, 0.78, and 1 mm thick waveguides under the same pumping conditions. It is evident from Table 1 that the pump-to-signal energy conversion efficiency was increased by more than a factor of 2 when the thickness of the LiNbO 3 waveguide was reduced from 1 to 0.5 mm. The 1.61% single-pass parametric efficiency and the generated signal energy from the 0.5 mm thick waveguide have been greatly improved from previously reported values 4 for a 1064 nm pumped LiNbO 3 THz-wave parametric generator at 2.2 mJ pump energy. When the waveguide thickness was reduced from 1to0.5mm, the signal pulse width was also reduced from 4 to 2.8 ns. The reduction in the signal pulse width is a signature of high-gain parametric generation in the thinner waveguide due to a highly nonlinear growth rate of the signal wave in an exponential-gain process. The higher parametric gain and THz-mode excitation also caused signal spectral broadening in thinner LiNbO 3 waveguides.
In order to investigate the THz-mode frequencies in the TPG process, we translated the 1 mm thick LiNbO 3 waveguide in the z direction so that the pump laser was displaced vertically from the waveguide-gap center. At different vertical positions the pump laser can selectively excite one or several high-order THz-wave modes with which the pump laser mode has a good overlap. The slightly different frequencies of the generated THz modes are encoded into the signal output spectrum according to the frequency-conservation law. Figure 2 shows that the measured center wavelength of the signal output spectrum indeed varies with the pump displacement from the waveguide-gap center ⌬z, where a positive ⌬z denotes a pump beam above the waveguide-gap center. As expected, the signal-wavelength shift is symmetric, about ⌬z = 0, owing to the symmetry of the THz-mode field profile about the waveguide axis. The ϳ23 GHz signal-frequency shift for a pump displacement of ⌬z = ± 120 m is equal to the frequency spacing between the TM 0 and the TM 9 THz-wave modes. We evaluated the overlapping integrals between the pump field and the TM mode fields and found a 15 GHz frequency shift in the signal's power spectrum for a 120 m pump displacement from the waveguide axis. The difference of a few GHz between the calculated and the measured frequency shifts could be attributable to the ϳ ± 8 GHz uncertainty in the measurement and a numerical model that does not consider gain and loss of individual waveguide modes.
We continued to perform THz parametric oscillation by using two off-axis flat mirrors to oscillate the 1071 nm signal wavelength in the 1 mm thick, 45 mm long LiNbO 3 waveguide. The two mirrors were separated by an 8 cm distance, permitting ϳ7 round trips for the signal wave in the cavity. The 1 mm thick waveguide was chosen for a larger pump aperture and for ease of alignment. However, the overlap between the pump mode and the THz-wave fundamental mode was improved by transmitting a 3.6 mm diameter, well-collimated TEM 00 pump beam through an 0.8 mm diameter circular aperture immediately before the front mirror of the parametric oscillator. Figure 3 shows the measured intracavity signal energy versus the pump energy of the waveguide THz-wave parametric generator. It is seen that the oscillation threshold is apparently below 2 mJ in pump energy or 70 MW/ cm 2 in pump intensity, which is, to the best of our knowledge, the lowest pump threshold ever reported for a LiNbO 3 THzwave parametric oscillator. 4 An intracavity signal energy of 0.31 mJ was generated at a pump energy of 4.3 mJ or at a pump level 2.15 times above the threshold.
To measure the THz output wavelength, we used a room-temperature, deuterated triglycine sulfate (DTGS) pyrodetector immediately after an air-gap GaAs scanning etalon near the exit cut of the LiNbO 3 waveguide. Each of the two GaAs plates has a thickness of 0.633 mm. Figure 4 shows the fitting between the measured THz transmission and the Airy function. The characteristic period of the etalon transmission curve clearly indicates a THz wavelength of 162 m. In the measurement, we averaged 1000 pulses for each data point, and the signal-to-noise ratio at the peak transmission was about 7-10. Because we did not calibrate the DTGS detector, we were not able to deduce the exact output energy of the THz wave. In this work, the energy extraction technique for the THz wave was not optimized. Our next effort will be to maximize the energy extraction of the THz wave and calibrate the measured energy.
In conclusion, we have demonstrated high-gain, high-efficiency TPG and TPO in LiNbO 3 slab waveguides. Waveguide-enhanced parametric gain was confirmed from the two-time increase in parametric conversion when the LiNbO 3 thickness was reduced from 1 to 0.5 mm under the same pump conditions. With 2.2 mJ pump energy at 1064 nm, a single-pass parametric conversion of 1.61% was achieved from a 0.5 mm thick, 45 mm long z-cut LiNbO 3 THz slab waveguide. Using a 1 mm thick, 45 mm long LiNbO 3 multimode waveguide at THz wavelenths, we also demonstrated a waveguide parametric oscillator with an ultralow-threshold intensity of 70 MW/ cm 2 .
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